Hybrid Data in the Multiobjective Evaluation of Investments  by Rębiasz, Bogdan & Macioł, Andrzej
 Procedia Computer Science  35 ( 2014 )  624 – 633 
1877-0509 © 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of KES International.
doi: 10.1016/j.procs.2014.08.144 
ScienceDirect
Available online at www.sciencedirect.com
18th International Conference on Knowledge-Based and Intelligent 
Information & Engineering Systems - KES2014 
Hybrid data in the multiobjective evaluation of investments 
Bogdan Rębiasz, Andrzej Macioł* 
AGH University of Science and Technology, Faculty of Management, ul. Gramatyka 10, 30-067 Kraków, Poland 
Abstract 
In the process of investment decision making, next to financial indicators many other aspects of investment projects are 
increasingly often considered. This leads to the multicriteria evaluation of a project. The last decades have shown that the number 
and complexity of dependencies both inside and outside a company makes it difficult to use the probability theory to represent all 
kinds of the uncertainty appearing in case of the evaluation of investment projects. Many authors have applied the alternative 
description of the uncertainty. First of all, fuzzy numbers may be mentioned as an example of the above. This leads to the hybrid 
description of the uncertainty in the process of the evaluation of the investment. This paper reports an investigation into the 
design and implementation of hybrid rule-based systems based on the Dempster–Shafer theory of evidence to investment project 
evaluation. As a result of the investigation, a new methodology will be proposed for multi-criterion project evaluation in the 
hybrid environment. 
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1. Introduction 
In the process of investment decision making, next to financial indicators many other aspects of investment 
projects are increasingly often considered. This leads to the multicriteria evaluation of a project. The advantage of 
multicriteria methods is the ability to take into account all (not only financial) aspects of the attractiveness of an 
investment project. The selection of criteria of project assessment must take into account the specificity of 
organization that makes a decision. 
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There are several critical factors that are involved in the process of project’s selection, including financial 
aspects, market conditions, availability of raw materials, technical aspects, ecological problems, personnel problems, 
regional aspects, government regulation, different interests of stakeholders, etc. Analysis of decision-making 
situations shows that the selection of projects very often involves different goals, hence it is necessary to evaluate 
the level of importance of each goal and the weight that each project has in comparison with each goal. Many 
decision problems are not clear-cut and the decision makers have to find their way in the jungle of conflicting 
objectives. In some cases, there is also a lack of consensus on the relevance of each goal and on the performance of 
each project in comparison with each goal. 
Summarizing one can say that the decision-making process in the selection of investments has some specific 
characteristics4, 11, 32: 
• It has to take into consideration either financial or non-monetary effects 
• It has to take into consideration either quantitative or qualitative effects 
• Naturally occurring competitiveness and even contradiction of criteria 
• It has to take into consideration both the uncertainty of each alternative and the uncertainty originating from 
the difficulty to establish the importance of every goal. 
This paper reports an investigation into the design and implementation of hybrid rule-based systems based on the 
Dempster–Shafer (D–S)  theory of evidence, decision theory, and fuzzy set theory to investment project evaluation. 
In the process of the evaluation of the investment are taken under the attention not only financial criteria (e.g. 
Profitability Index, Return on equity) but also other criteria as e.g. the market criterion, impact on the environment. 
As a result of the investigation, a new methodology will be proposed for multi-criterion project evaluation. A 
generic knowledge representation scheme is proposed using a belief structure. A rule base designed on the basis of 
the belief structure, called belief rule base, is used to capture nonlinear causal relationships as well as uncertainty. 
Relevant knowledge representation parameters, including the weights of both attributes and rules, are also 
considered in the scheme. An example of application of the proposed new method for evaluation of investment 
projects was presented as well. 
2. Multicriteria methods for evaluation of investment projects 
The problem of project selection has been considered by a large number of researchers. Several authors have 
pointed out that the classical financial technique (i.e. discounted cash flow) cannot be used to consider those benefits 
or costs that cannot be evaluated in monetary terms. For this reasons various ‘‘non-conventional’’ techniques have 
been proposed to solve the problem of investments selection by Perego and Ragonese 24. 
These techniques could be divided into two major categories:  
x aimed to give an economic evaluation of the intangible benefits, 
x based upon the multi-criterion decision making (MCDM) methods where profitability is only one of the issues 
that have to be taken in account. 
Generally, these second group  are the most valuable.  
In the literature one can find descriptions of several dozen multiple-criteria decision-making (MCDM) methods. 
The most classical MCDM methods are Analytical Hierarchy Process (AHP) and Technique for Order of Preference 
by Similarity to Ideal Solution (TOPSIS). 
The pair-wise comparison method and the hierarchical model were developed in 1980 by Saaty in the context of 
the Analytical Hierarchy Process 1, 2, 10. It is one of the best and most widely used MCDM approaches. AHP is an 
approach to decision making that involves structuring multiple choice criteria into a hierarchy, assessing the relative 
importance of these criteria, comparing alternatives for each criterion and determining an overall ranking of the 
alternatives 3, 5, 25.  
TOPSIS  method is based on the idea that the chosen alternative should have the shortest distance from the 
Positive Ideal Solution (PIS) and on the other side the farthest distance of the Negative Ideal Solution (NIS)          7, 
26, 27.  
Some of AHP applications include technology choice 2, vendor selection of a telecommunications system 11, 
project selection, budget allocation.  
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Many studies have explored the field of the fuzzy extension of Saaty’s theory: Laarhoven and Pedrycz 26, 
Chang 27, Lootsma 28, Ruoning and Xiaoyan 29, Pan 30, Enea and Piazza 11, Chan et al. 7, McKown and Mohamed 9. 
Liu et al. introduces an evaluation method based on an uncertain linguistic weighted operator to the risk evaluation 
of the high-tech project investment 12.  
Rębiasz 31 present the usage of of probabilistic and fuzzy approach for the evaluation of projects and selection of 
the most profitable project from the steel industry. 
3. Description of the uncertainty in the  multiple-criteria  evaluation of projects 
The last decades have shown that the number and complexity of dependencies both inside and outside a company 
makes it difficult to use the probability theory to represent all kinds of the uncertainty appearing in case of the 
evaluation of investment projects.  
Currently, computer simulation is widely used to estimate the criteria of the financial evaluation of projects. As a 
result, the probability distribution of the chosen indicator is obtained. Whereas other parameters of multicriteria 
evaluation of projects, e.g., market aspect, technical aspects, some ecological problems, regional aspect etc., cannot 
be expressed on the basis of the theory of probability. However these criteria also should be taken into consideration 
in the process of the evaluation of projects. Therefore one can say that in numerous decision-making situations, the 
nature of uncertainty of economic calculus parameters does not suit the assumptions of the probability theory. 
Namely, the said uncertainty stems mainly from insufficient information on these parameters and is of 
epistemological nature 8, 9, 33, 34, 35.  
Taking into consideration the above mentioned problems, most of the real-world evaluations of projects  contain 
a mixture of quantitative and qualitative data. Many authors have applied the alternative description of the 
uncertainty in the efficiency assessment process. First of all, fuzzy numbers may be mentioned as an example of the 
above. Two methods of description of the uncertainty of the economic calculus parameters (probability distribution, 
fuzzy numbers) are used usually as alternatives. The most common situation in practice is when for some parameters 
it is possible to determine probability distributions, while for some, information is available in form of fuzzy 
numbers. In case of economic calculus,  data which is available, is usually heterogeneous, uncertain and imprecise, 
and it is usually coming from various sources. These are both statistical data as well as subjective assessments of 
phenomena made by experts 9, 31, 37, 38.  
There are few studies which describe use of hybrid data – data partially described by probability distributions, 
and partially by possibility distributions. Use of such data allows to reflect more properly the knowledge on 
parameters of economic calculus. As suggested by Ferson and Ginzburg 34 distinct methods are needed to adequately 
represent random variability (often referred to as „objective uncertainty”) and imprecision (often referred to as 
„subjective uncertainty”). Very often in assessment of investment projects efficiency, no distinction is traditional 
made between these two types of uncertainty, both being represented by means of a single probability distribution 34, 
35. To sum up, one may say, similarly to Baudrit et al. 36, that randomness and imprecise or missing information are 
two reasons of uncertainty, which have an impact on economic efficiency analysis. Therefore in the process of the 
evaluation of investment project, it is inevitable to deal with uncertainty caused  by vagueness intrinsic to human 
knowledge and imprecision or incompleteness resulting from the limit of human knowledge 5, 35. It is necessary to 
use a scheme for representing and processing vague, imprecise, and incomplete information in conjunction with 
precise and statistical data 13, 31, 36. The development of methods for dealing with uncertainty has received 
considerable attention in the last three decades. Several numerical and symbolic methods have been proposed for 
handling uncertain information. Three of the most common frameworks for representing and reasoning with 
uncertain knowledge are 12, 13, 36: 
x Bayesian probability theory 
x Dempster–Shafer (D–S) theory of evidence 
x Fuzzy set theory 
Each of these frameworks is aimed at a special application environment and has its own features 15-29. Models 
with hybrid data can be successfully used to support decision-making in many fields in a company. It must be, 
however, highlighted that, algorithms of described above MCDM methods especially AHP and TOPSIS can handling 
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precise or fuzzy data. No methods for multicriteria evaluation, which could process hybrid data, e.g., data expressed 
in the form of fuzzy numbers and probability distributions, are currently available. Therefore in most of the existing 
approaches, different ways of uncertainty representation are usually unified in a single modeling framework. In 
order to perform the unification, it is necessary to be able to transform one form of uncertainty into another. 
Obviously, such transformation is not without problems. For example, transformation of a probability distribution 
into a possibility distribution causes the loss of information, whereas the opposite one requires additional 
information to be introduced. This leads to systematic errors in project efficiency assessment. It is therefore 
necessary to elaborate a scheme for representing and processing stochastic, vague, imprecise, and incomplete 
information in conjunction with precise data for investment project evaluation. 
4. New method for multicriteria evaluation of projects 
The diversity of data used in the process of evaluation of investment projects stimulates the search for effective 
ways of processing it. In the design of decision-making models based on multisource data, it poses a challenge to 
find an appropriate framework for an identified form of uncertainty and to combine different strategies for 
formulating a proposition or a variable that can express more than one type of uncertainty 22, 23, 38. According to the 
authors, the problem of multi-criteria evaluation of investment projects in terms of occurrence of hybrid data can be 
solved by using rule-based systems. Premises and conclusions of the rules of such system can be expressed in 
various ways (linguistic variables, probability distributions, crisp values). A way to write the rules in such system as 
well as the inference methodology was proposed by Yang et al. 38. The rule-base inference methodology proposed 
by Yang uses the evidential reasoning (RIMER). The essence of this methodology is to combine a generic 
knowledge representation scheme using a belief structure with evidential reasoning (ER) approach. The generalized 
form of a rule can be presented as follows 38: 
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Let us take, for example, the following belief rule in investment projects analysis : 
Rk : 
if  PI is high  and ROE% is medium then  the financial criterion estimation is 
{(high, 07); (medium, 03); (low, 0)} 
where {(high, 07); (medium, 03); (low, 0)} is a belief distribution representation of a financial criterion. It states 
that it is 70% sure that financial criterion is high and 30% sure that financial criterion is low. The process of 
evaluation of projects consists of two phases. In the first phase, the relationship between an input (fact) and each 
referential value in the antecedents of a rule is determined so that an activation weight for each rule can be 
generated. The original belief degree in the consequent of each rule is updated based on the actual input information.  
Depending on the nature of premises, there are various algorithms for determining the degree to which a fact 
matches the premise of a rule. As a result, the activation weight of the packet antecedent in the rule is generated by 
weighting and normalizing the matching degree.  
In the second phase, the reasoning process is realized. As a result, a belief distribution of the consequent of the 
rule is obtained. The evidential reasoning ER algorithm is applied. It consists one of many alternatives to the 
generalized rule of modus ponens. The algorithm first transforms the degrees of belief for all of possible 
consequents and all rules in knowledge base into basic probability masses. Then, the algorithm aggregates all the 
packet antecedents of all of the rules to generate the combined degree of belief in each possible consequent.  
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The final conclusion generated by aggregating the L rules, which are activated by the actual input vector  on level 
kD (k=1,2,..,.L)  can be represented as {(Dj, βj ), (βD); j = 1, . . . , N}, where 
βj - measures the degree to which Djis the consequent if the input activates the antecedent, 
βD - represents the remaining belief degrees unassigned to any Dj. 
The details of the algorithm of designating of the final conclusion are presented below. The precise explanation of 
input and intermediate variables one can find in RIMER method description 38. 
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In our research, the modified RIMER method is used. The modification concerns data types that can occur in 
premises of rules. In our case, this data can additionally have a form of probability distributions. In such case, the 
value of the matching degree is determined as the probability that the input value will be equal to the referential 
value. 
5. Numerical examples  
A numerical example, which is based on investment projects analysis in metallurgical industry, is studied in this 
section. The example aims to determine the utility of selected investment projects. For simplification the input 
indicators  defined in the process of projects evaluation  include only the following: 
x The financial criterion: Profitability Index (PI), Return on equity (ROE%), 
x The market criterion: Forecasted dynamics of the market, the competitiveness of products (quality of products, 
price of products,) 
x Impact on the environment. 
This example uses three input variables (X1, X4, X9) and six intermediate variables (X2, X3, X5, X6, X7, X8) to 
predict X10 in terms of qualitative linguistic values. 
X1 - The financial criterion, 
X2 - PI, 
X3 - ROE% 
X4- The market criterion  
X5- Forecasted dynamics of the market 
X6 - The competitiveness of products 
X7 -  Quality of products 
X8 – Price of products 
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X9-  Impact on the environment 
X10 - Utility of the project. 
For illustration purposes, each of these input variables are defined as having values of high (H), medium (M), or 
low (L) and the output variable (confidence to which utility investment project is high (H), medium (M), or low (L)).  
The expert knowledge is coded as if–then rules, hierarchically organized in four sub-rule bases. The need to 
structure a knowledge base by separating intermediate variables is due to the phenomenon of exponential 
“explosion” of the number of rules (the number of rules grows exponentially with the number of variables in the 
premise). The introduction of intermediate criteria (“artificial” or partial variables) is the only possible way to limit 
the complexity of description and to bring the knowledge base model to the form manageable by experts. The 
structured scheme of knowledge base is presented in Fig. 1. 
 
 
Fig. 1. Knowledge base scheme 
The rules are presented using the belief structure to provide better flexibility and versatility for more precisely 
imitating human reasoning using rule-based systems. The definitions of the extended rules with the consequents 
having the dedicated degrees of belief are given in Table 1. These degrees of belief in the consequents were assigned 
by the researchers as a result of the observation of the given expert judgments. In a more systematic scheme, the 
belief degrees could be trained using expert judgments as test data and may also be updated once new evidence 
becomes available. The numbers shown in the second column represent the weights assigned to the rules.   
Examples of projects analyzed are shown in Table 2. 
Table 1. Rule base with the belief structure 
Number T Antecedent Consequent 
1 1 (X2 is L) X1 is (L, 1) 
2 1 (X2 is M) X1 is (M, 1) 
3 0,85 (X2 is H)˄(X3 is L) X1 is (H, 0,5), (M, 0,4), (L, 0,1) 
4 0,85 (X2 is H)˄(X3 is M) X1 is (H, 0,7), (M, 0,3) 
5 1 (X2 is H)˄(X3 is H) X1 is (H, 1) 
6 1 (X7 is L)˄(X8 is L) X6 is (M, 0,2), (L, 0,8) 
…    
14 1 (X7 is H)˄(X8 is H) X6 is (H, 0,2), (M, 0,5), (L, 0,1) 
15 0,9 (X5 is L)˄ (X6 is L) X4 is (L, 1) 
… 0,9 (X5 is H)˄ (X6 is M) X4 is (M, 0,8), (L, 0,1) 
23 0,9 (X5 is H)˄ (X6 is H) X4 is (L, 1) 
1 1 (X1 is H)˄(X4 is H)˄(X9 is H)  X10 is (H, 1) 
...    
0,95 0,95 (X1 is L)˄(X4 is L)˄(X9 is L) X10 is (L, 1) 
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Table 2. The characteristic of exemplary investment projects 
  
The financial criterion 
The market criterion  
  
Impact on the 
environment 
  
The competitiveness of 
products 
  
PI1           ROE,%1       
Forecasted 
dynamics of 
the market2 
Quality Price 
Projects             
Modernization of  the shape mill (1,40; 0,2) (8,0 ; 1,6) 
approx 3,5% 
(2,2; 3,5; 4,8) 
(H, 02; M, 0,8) (M, 1) (M, 03; L, 0,7) 
Construction  of  the cold rolled  
sheet  mill (1,12; 0,15) 
(7,2; 1,1) 
approx 2,5% 
(1,8; 2,5; 3,2) 
(H, 05; M, 0,5) (M, 1) (M, 03; L, 0,7) 
Construction  of  the  hot-dip 
galvanizing sheet plant  (2,12; 0,22) 
(12,1; 2,1) 
approx 4,5% 
(3,2; 4,5; 5,8) 
(H, 07; M, 0,3) (M, 0,2; H, 0,8) (M, 0,8; L0,2) 
Construction  of  the  sheet organic 
coating plant  (2,81; 0,26) 
(15,3; 2,2) 
approx 6,0% 
(4,7; 6,0; 7,3) 
(H, 07; M, 0,3) (M, 0,2; H, 0,8) (M, 0,9; L,0,1) 
Construction  of  the  drawing mill (1,13; 0,17) (6,2; 1,1) 
approx 2,5% 
(1,8; 2,5; 3,2) 
(L, 0,8; M,0,1; 
L, 0,1)) 
(L, 0,9; 
M,0,1) (L, 1) 
 1 (m, s) – average, standard deviation 
2 (a, b, c) – triangular fuzzy number 
 
For continuous data, the following characteristics were adapted: 
x PI:  L –  PI < 1,1;  M –  1,1<= PI<2; H –  PI => 2 
x ROE%: L –  ROE% < 6,0%; M –  6,0%  <= ROE%  < 10,0%; H –  ROE% => 10,0% 
x Forecasted dynamics of the market:  L –  Dynamics% < 2,5%; M –  2,5% <= Dynamics% < 4,5%;                H –  
Dynamics% => 4,5% 
The remaining parameters were determined by experts in the form of linguistic variables. Competitiveness in 
terms of prices and quality (low L, medium M and high H) and the harmful impact on the environment (low L, 
medium M, heavy H). 
The results of evaluation of the analyzed projects are presented in Table 3. The inference process was performed 
for each project using the method proposed by Yang et al. 38. The description of the algorithm is presented below. 
The partial results obtained for determination of the utility of the construction of the hot-dip galvanizing sheet plant 
project are presented in Table 4. 
 
Table 3. Results of the evaluation of investment projects 
 
 
Projects β1 
(utlity L) 
β2 
(utlity M) 
β3 
(utlity H) 
βD 
Modernization of  the shape mill 0,000 0,613 0,079 0,308 
Construction  of  the cold rolled sheet  mill 0,047 0,355 0,084 0,514 
Construction  of  the  hot-dip galvanizing sheet plant  0,000 0,137 0,363 0,500 
Construction  of  the  sheet organic coating plant  0,000 0,148 0,512 0,340 
Construction  of  the  drawing mill 0,002 0,438 0,108 0,452 
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The equations describe the way of the calculation of indicators defined in the first column of the table are 
defined in the chapter 4. 
6. Conclusion and Further Research  
The performed exemplary calculations indicate that the proposed methodology enable to efficiently aggregate 
various features of investment projects into a synthetic measure of their utility. Additionally, particular features can 
be described in various ways. This makes that the proposed method for evaluation of investment projects is flexible 
and multi-faceted.  
 
 
Table 4. The results of evaluation. The financial criterion for project construction  of  the  hot-dip galvanizing sheet plant 
Number of the rule -Table 1/Ratio 1 2 3 4 5 
Di 0,0000 0,2927 0,7073 0,0018 0,1568 
Dk 0,0000 0,2927 0,0013 0,110914 0,5950 
wk 0,0000 0,2977 0,0011 0,0959 0,6053 
k1E  1,0000 0,0000 0,1000 0,0000 0,0000 
k2E  0,0000 1,0000 0,4000 0,7000 0,0000 
k3E  0,0000 0,0000 0,5000 0,3000 1,0000 
β1k 0,0000 0,0000 0,0355 0,0000 0,0000 
β2k 0,0000 0,2927 0,1418 0,3024 0,0000 
β3k 0,0000 0,0000 0,1773 0,1296 0,7743 
m1k 0,0000 0,000 0,000 0,000 0,0000 
m2k 0,0000 0,087 0,087 0,113 0,0630 
m3k 0,0000 0,000 0,000 0,012 0,4450 
mDk 1,0000 0,9128 0,9996 0,9586 0,5313 
Dkm  1,0000 0,7023 0,9989 0,9041 0,3947 
Dkm~  0,0000 0,2106 0,0007 0,0545 0,1366 
 1kI,1m   0,0000 0,0000 0,0000 0,0000 0,0000 
 1kI,2m   0,0000 0,0872 0,0873 0,1128 0,0633 
 1kI,3m   0,0000 0,0000 0,0002 0,0115 0,4455 
 kI,Dm  1,0000 0,9128 0,9125 0,8757 0,4912 
 1kI,Dm~   0,0000 0,2106 0,2110 0,2407 0,2266 
 1kI,Dm   1,0000 0,7023 0,7015 0,6349 0,2646 
 1kIK    1,0000 1,0000 1,0011 1,0558 
β1= 0,0000      
β2= 0,0860      
β3=  0,6058      
βD=  0,3082      
 
 
The presented results of project evaluation show that projects are characterized by diverse utilities. The highest 
indicator β with utility H has the construction of the sheet organic coating plant project. The value of β with the 
utility M is big as well, and the value of βD is relatively small. This project seems to be the most profitable. The 
remaining projects have significantly lower values of β with utility H, and bigger, but diversified, values of β with 
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utility M. Hence, they can be evaluated as less profitable then the above mentioned project. However, the explicit 
ordering of these projects on the basis of the presented calculations is difficult. Hence, it is necessary to conduct 
further research that will enable to obtain the results based on which it will be possible to determine the average 
value of utility of a project and possibly its variability (variance, the risk of the project). It seems that the very 
promising direction of the research is the usage the methods for estimation of the mean and variance of random 
fuzzy sets. The result of the inference process according to the algorithm presented above can be treated as a random 
fuzzy set. Based on it, the expected value and the variance (which will be a measure of the project risk) of the utility 
of an investment project can be estimated. Methods for calculating the expected value and variance of fuzzy random 
collection can be found in many works (see, e.g., 39, 40). This requires many problems to be solved. For example, it is 
necessary to define fuzzy sets that characterize utilities L, M and H. This will be the subject of future work. 
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